All relevant data are within the paper and its Supporting Information files. Minimal data set can be obtained from the following DOI: [10.6084/m9.figshare.7599350](https://doi.org/10.6084/m9.figshare.7599350).

Introduction {#sec001}
============

During past decades, due to the increase in treatment options, the survival rate of patients with multiple myeloma (MM) has increased dramatically. With the recent introduction of monoclonal antibodies, such as Daratumumab (Dara) to treat MM, immunotherapy has rapidly become indispensable in the management of the disease. Dara was approved in 2015 by the U.S. Food and Drug Administration (FDA) for patients who had at least three prior lines of treatment including one proteasome inhibitor (PI) and one immunomodulatory imide drug (IMiD) or who were refractory to both.

Dara is a human anti-CD38 antibody of IgG1 isotype. The mechanisms of action of Dara include Fc-dependent complement-dependent cytotoxicity (CDC) and antibody-dependent cellular phagocytosis (ADCP), but most of the effect is ascribed to antibody-dependent cellular cytotoxicity (ADCC), which is primarily mediated by NK cells and to some extent also by macrophages \[[@pone.0211927.ref001]\].

Daratumumab treatment as single-agent in patients with MM shows promising results in 30% of the patients \[[@pone.0211927.ref002]\]. To date, it is the only single-agent treatment, which shows this rapid decrease of M-component \[[@pone.0211927.ref002]\]. Dara has also demonstrated superior efficacy in combination with other approved medications for MM, including lenalidomide, dexamethasone and bortezomib \[[@pone.0211927.ref003]--[@pone.0211927.ref005]\]. However, lymphocyte counts drop after Dara infusion, likely due to their expression of CD38 \[[@pone.0211927.ref006],[@pone.0211927.ref007]\]. Therefore, these patients are theoretically at risk for infectious complications \[[@pone.0211927.ref002],[@pone.0211927.ref008],[@pone.0211927.ref009]\]. The precise nature of these defects on cellular immunity are currently unknown.

Infections are one of the leading causes of morbidity and mortality of MM patients. MM patients have a seven-fold increased risk of infectious complications where viral infections are 10-fold more common, and herpes zoster infections are dominating in the list of comorbidities in this patient group with a 14.8-fold increased risk \[[@pone.0211927.ref010]\]. Inherent immune defects related to the primary disease process, such as reduced NK cell counts and impaired NK cell activity, as well as therapy-related changes of the immune status, may lead to multifactorial pathogenesis of infections. Specifically, declining numbers of CD38-expressing NK cells and subsets of T cells combined with a reported oligoclonality of both CD4^+^ and CD8^+^ T cells leads to an ineffective antiviral innate and adaptive immunity \[[@pone.0211927.ref011]\]. Novel therapies and the resulting prolonged survival of MM patients have enabled clinicians to observe that tumor progression correlates negatively with immunocompetence of the individual. Furthermore, cumulative therapies of IMiDs and PIs in relapse and refractory MM have resulted in an increased incidence of infections compared to conventional therapies \[[@pone.0211927.ref012]\]. The reasons for increased infections remain unknown for IMIDs while a characteristic spectrum of infections has been described for other treatment agents. A transient and partially reversible immunosuppressive effect has been shown for PIs, which in turn may increase the prevalence of viral reactivations. Notably, bortezomib treatment can lead to a 4-fold increase incidence of varicella-zoster virus (VZV) reactivation compared to dexamethasone \[[@pone.0211927.ref013]\]. In addition, cytomegalovirus (CMV) reactivation in MM patients undergoing treatments has been reported to range between 7% to 20% \[[@pone.0211927.ref014],[@pone.0211927.ref015]\]. Elotuzumab, a monoclonal anti-SLAMF7 antibody, that has no single agent effect but is used in combination with IMIDs, PIs and steroids, also leads to an increased incidence of herpes zoster compared to both IMIDs and steroid treatments \[[@pone.0211927.ref016]\].

In this study, we have analyzed the pattern of infectious complications in 23 MM patients that were heavily pretreated before initiation of Dara as a single agent. All patients had undergone multiple prior treatments with PIs, IMiDs, and autologous or allogeneic stem cell transplantations (Allo-SCTs) and did not have any alternative treatments available. Due to the condition of the patients included in this study and the novelty of the treatment, all patients, therefore, were meticulously monitored for safety, efficacy and the occurrence of infectious complications.

Methods {#sec002}
=======

Patients {#sec003}
--------

Twenty-three patients were included in compassionate use programs per disease criteria in previously described phase II studies except for the exclusion of patients with creatinine clearance \<20ml/min \[[@pone.0211927.ref002],[@pone.0211927.ref008]\]. All 23 patients with progressing MM required systemic therapy and were heavily pretreated with multiple lines of treatment including but not limited to IMiDs, PIs, chemotherapy, autologous as well as allogeneic stem cell transplantation. All patients had an Eastern Cooperative Oncology Group (ECOG) performance status of 2 or lower and a measurable M-protein and/or free light chains (FLCs) per International Myeloma Working Group (IMWG) guidelines \[[@pone.0211927.ref017]\]. Treatment responses were assessed per IWMG guidelines. Patient characteristics are described in [Table 1](#pone.0211927.t001){ref-type="table"}.

10.1371/journal.pone.0211927.t001

###### Patient characteristics.

![](pone.0211927.t001){#pone.0211927.t001g}

  Characteristics of patients that received Daratumumab treatment   
  ----------------------------------------------------------------- -------------------
  Total number of patients                                          23 (100)
  Age, mean (range)                                                 63 (34--82)
  Gender: female                                                    6 (29)
  Myeloma isotype                                                   
      IgG                                                           12 (52)
      IgA                                                           3 (13)
      No M-protein, BJ                                              8 (35)
  eGFR Cockcroft-Gault                                              85 (14--177)
      30--59 (CKD stage 3)                                          2 (8%)
      15--29 (CKD stage 4)                                          1 (4%)
      \<15 (CKD stage 5)                                            1 (4%)
  Bone lesion/s, n (%)                                              22 (96)
  **Laboratory values**                                             
      Creatinine (mmol/L), mean (range)                             80 (36--567)
      Ca (mmol/L), mean (range)                                     2.28 (1.98--2.92)
      Hb (g/L), mean(range)                                         103 (85--141)
      Albumin (g/L), mean(range)                                    33 (16--39)
  Prior lines of therapy, median (range)                            3 (2--6)
  Prior treatment                                                   
      PIs                                                           23 (100)
          Bortezomib                                                23 (100)
          Carfilzomib                                               3 (13)
      IMiDs                                                         23 (100)
          Lenalidomide                                              23 (100)
          Pomalidomide                                              12 (52)
          Thalidomide                                               10 (43)
  HDT                                                               12 (52)
  ASCT                                                              2 (10)

Patients received 9 (2--34) infusions of Dara. All patients had exhausted all available treatment options and had advanced MM with resistance to previously used anti-myeloma drugs. The median inclusion age was 63 (34--82) years. CKD = chronic kidney disease, HDT = high dose treatment; ASCT = allogeneic stem cell transplantation.

The estimated glomerular filtration rates (eGFRs) were calculated using the modification of diet in renal disease (MDRD) formula as described earlier \[[@pone.0211927.ref018]\]. Renal function was classified according to U.S. national kidney foundation kidney disease outcomes quality initiative (KDOQI) chronic kidney disease (CKD) classification: stage \[[@pone.0211927.ref019]\].

Study design and overview {#sec004}
-------------------------

The study was approved by the Stockholm regional ethics committee (Dnr 2014/526-31/3 and 2015/973-32) and was conducted according to the principles of the Declaration of Helsinki, the International Conference on Harmonization, and the Guidelines for Good Clinical Practice. Written informed consent was obtained from all patients in the study. The study was conducted as a cohort study of patients with exhausted treatment options that were included in two separate compassionate of use programs initially offered by Genmab A/S (Copenhagen, Denmark) and thereafter by Janssen Biotech (Solna, Sweden). None of the patients was participating in other studies at the time of inclusion.

Daratumumab administration and blood sampling {#sec005}
---------------------------------------------

Dara infusions were scheduled according to the recommendation of weekly infusion of 16mg/kg for eight weeks followed by infusion every two weeks for sixteen weeks and thereafter infusions every four weeks. All 23 patients received Dara treatment until progression of MM as defined by IMWG criteria. The treatment was only interrupted during infectious complication. Patients received premedication in the form of corticosteroids, antihistamines and antipyretic before each infusion of Daratumumab.

Blood was collected in conjunction with Dara infusion. Samples were drawn in EDTA collection tubes, (BD Vacutainer EDTA Becton Dickinson and Company (BD) Vacutainer, NJ, USA) 1--2 minutes before the start of each Dara infusion for all patients.

Detailed analysis of circulating cell populations by flow cytometry {#sec006}
-------------------------------------------------------------------

The impact of Dara treatment on circulating lymphocytes was assessed during the peri-treatment period. Briefly, cells were stained for flow cytometric analyses of NK cells and T cell populations, as described previously \[[@pone.0211927.ref007]\]. Briefly, vitally frozen peripheral blood mononuclear cells (PBMCs) from all patients were thawed, washed and resuspended in cold phosphate-buffered saline (PBS) supplemented with 2% fetal bovine serum (FBS) and 1mM Ethylenediaminetetraacetic acid (EDTA). All antibody stainings for flow cytometry were performed by incubating the cells with previously titrated and validated amounts of monoclonal antibodies at 4°C for 30 min in the dark (Supplemental Material). The labeled cells were then washed twice with PBS containing 2% FBS, 1mM EDTA before data acquisition. Data acquisition was performed using an LSRFortessa (BD Biosciences, CA, USA) using a high throughput loader system. Data was acquired using FACSDiva software (BD Biosciences) and analyzed with FlowJo version X software (TreeStar Inc. OR, USA). NK cells were gated as live CD56^+^CD3^-^CD19^-^CD14^-^, T cells were gated as live CD3^+^CD56^-^CD19^-^CD14^-^ followed by CD4/CD8 and CD45RA/CD45RO comparison to identify naïve/effector T cells and memory T cells, respectively ([S2 Fig](#pone.0211927.s002){ref-type="supplementary-material"}). Data was plotted by GraphPad Prism version VI (GraphPad Software Inc. La Jolla, CA, USA) or FlowJo version X software (TreeStar Inc.). A complete overview about antibody clones and used panels, see [S1 Table](#pone.0211927.s003){ref-type="supplementary-material"} to [S5 Table](#pone.0211927.s007){ref-type="supplementary-material"}.

Statistical analyses {#sec007}
--------------------

The mean, median, and range of Dara infusions, inclusion age and percentage of infusion-related reactions and reduction of M-component were calculated using the descriptive statistics functions of Excel. Figures were plotted using Excel or GraphPad Prism, and most figures show individual patients. Time to event, progression free survival and overall survival were calculated using Kaplan-Meier analysis with Statistica.

Results {#sec008}
=======

Patients and treatment {#sec009}
----------------------

Of the 23 patients included, three patients received Dara as a part of early access program supplied by Genmab A/S, while the remaining 20 patients received Dara as a part of the single patient request program, provided by *Janssen-Cilag AB*. Patients received a median of nine Dara infusions, with a range of two to 34 infusions of Dara. All patients had exhausted all available treatment options and had advanced MM with resistance to previously used anti-myeloma drugs. The median inclusion age was 63 (34--82) years. Previous treatment and patient's characteristics are summarized in [Table 1](#pone.0211927.t001){ref-type="table"}.

In line with previously published studies, Dara treatment showed high efficacy and safety \[[@pone.0211927.ref002],[@pone.0211927.ref003],[@pone.0211927.ref005]\]. In total, fourteen patients (61%) showed a response to treatment according to the response criteria of the International Myeloma Working Group (IMWG) guidelines. Four patients achieved complete remission (CR), three very good partial remissions (VGPR), and seven patients achieved partial remission (PR), two patients showed minimal response (MR), five patients had stable disease (SD) and only two patients had progressive disease (PD) on treatment ([Fig 1](#pone.0211927.g001){ref-type="fig"}). The median overall survival was 9.5 months, and the median progression-free survival was four months. Infusion-related reactions (IRRs) of grade 2 and below were observed in sixteen patients (70%). The symptoms included rhinal congestion, coughing, buccal irritation, dyspnea, fever and nausea. All IRRs occurred during the first infusion. IRRs were safely managed with pre- and post-infusion medications consisting of antihistamine, antipyretic analgesic and corticosteroid. Of four patients with chronic kidney disease (CKD) at the time of inclusion (two patients with stage 3, one patient with stage 4 and one patient with stage 5 CKD, see [Table 1](#pone.0211927.t001){ref-type="table"}), one patient achieved PR, two patients MR (with 27% and 43% reduction of M-component) and one patient SD. The patient with stage 5 CKD was hospitalized during the first infusion for monitoring of metabolic balance. No noninfectious Dara related complications were noticed in patients with CKD.

![Waterfall plot of changes of M-component in response to dara treatment.\
The changes in measurable M-component are plotted and grouped according to IMWG treatment response criteria into CR = complete remission, VGPR = very good partial remission, PR = partial remission, MR = minimal response, SD = stable disease and PD = progressive disease. Bacterial and viral infections are shown for nine patients that suffered from infectious complications. VZV = varicella zoster virus, UTI = urinary tract infection, EBV = Epstein-Barr virus, HI = H. Influenza, hMPV = human metapneumovirus, RSV = respiratory syncytial virus, CMV = cytomegalovirus.](pone.0211927.g001){#pone.0211927.g001}

The median follow-up time (from first Dara infusion) for all patients was eight months (CI one---eight months), and for patients with infections, it was three months (CI one---ten months). All events (infections) occurred at a median of 49 days (CI 15--61 days) ([Fig 2A](#pone.0211927.g002){ref-type="fig"}).

![Timeline of dara treatment and occurrence of infectious complications of all patients.\
Dara treatment was given according to protocol, as indicated in the experimental procedures and study design. Nine of 23 patients suffered from bacterial or viral infections, the median time to event are presented in Fig 2A. The unique timeline of Dara treatment is depicted for each of the nine patients with infectious complications, as shown in Fig 2B, with the time of total Dara treatment as a black line, and the occurrence of infection with a black rhomb. Dark grey bars indicate bacterial infections, and light grey bars indicate viral complications. End of follow-up due to death is noted in the figure. The insert shows the median and range of weeks of Daratumumab treatment and follow-up. CMV = cytomegalovirus, HI = H. Influenza, RSV = respiratory syncytial virus, hMPV = human metapneumovirus, HSV = herpes simplex virus, VZV = varicella zoster virus.](pone.0211927.g002){#pone.0211927.g002}

Infections {#sec010}
----------

A total of nine (39%) patients suffered from infections, two (9%) from bacterial infections only, five (22%) from viral infections and two (9%) from both viral and bacterial infections (Figs [1](#pone.0211927.g001){ref-type="fig"} and [2](#pone.0211927.g002){ref-type="fig"}). Interestingly, all patients that suffered from bacterial or viral infections or reactivations were classed as PR, MR or SD, based on the changes in M-component according to IMWG criteria ([Fig 1](#pone.0211927.g001){ref-type="fig"}). Furthermore, none of the patients with a CR or VGPR suffered from infectious complications in our study ([Fig 1](#pone.0211927.g001){ref-type="fig"}). The majority of infections occurred in the first ten weeks of treatment ([Fig 2B](#pone.0211927.g002){ref-type="fig"}). The viral infections consisted of exogenous infections in two (9%) patients and reactivation of latent infections in five (22%) patients. All patients (except one, viral encephalitis) received antiviral prophylaxis with Aciclovir 250mg twice daily.

### Bacterial infections {#sec011}

Out of the four patients with bacterial infections, two patients suffered from symptomatic urinary tract infections (*E*. *coli*) and two from pneumonia (*H*. *influenza*). One case of pneumonia was fatal, where the patient developed acute heart failure. This was judged as being not related to Dara treatment. The other three cases resolved with antibacterial treatment. The frequencies of NK cells (CD3^-^CD56^+^), immature NK cells (CD56^+^NKG2A^+^) and mature NK cells capable of performing ADCC (CD56^+^CD16^+^) of one patient that suffered from *E*. *coli* infection are presented in [S1 Fig](#pone.0211927.s001){ref-type="supplementary-material"}.

### Exogenous viral infections {#sec012}

One case with respiratory syncytial virus (RSV) and one case with human metapneumovirus (hMPV) was observed in conjunction with infection with E. coli (Figs [1](#pone.0211927.g001){ref-type="fig"} and [2](#pone.0211927.g002){ref-type="fig"}), both patients recovered without consequences.

### Reactivated latent infections {#sec013}

Among the five patients with viral reactivations, three cases of cytomegalovirus where observed, one of these resolved with antiviral treatment, one case resolved without treatment and in one case the patient developed severe heart failure and subsequently died. One patient developed localized zoster (varicella zoster virus), which resolved with antiviral treatment, and we observed one case of encephalitis (herpes simplex virus), which was fatal.

### Herpes simplex virus (HSV) {#sec014}

One patient, who received a total of nine doses of Dara and responded with PR, presented with reactivated HSV infection. Before administration of the 10^th^ Dara dose, the patient was admitted due to confusion, and a subsequent cranial CT-scan demonstrated lesions attributable to HSV, which was confirmed with HSV PCR of cerebrospinal fluid. The patient responded to antiviral treatment (both the CRP and PCR normalized) started at the day of hospitalization, but never regained consciousness and died from multi-organ failure seventeen days post admission. The CRP levels were elevated up to 320 mg/L in the week before HSV detection ([Fig 3A](#pone.0211927.g003){ref-type="fig"}). After this initial increase, CRP decreased back to 10 mg/L but increased again. This increase in CRP parallels a decrease of white blood cell (WBC) count ([Fig 3B](#pone.0211927.g003){ref-type="fig"}). A phentotypic analysis of immune cells revealed a low frequency of CD4^+^ T cells, which increased slightly during the treatment, while there was no major change in the level of CD8^+^ T cells ([Fig 3C](#pone.0211927.g003){ref-type="fig"}). The low amount of CD4^+^ T cells resulted in a very low CD4/CD8 ratio, which can be used as a measurement of normal T cell distribution ([Fig 3D](#pone.0211927.g003){ref-type="fig"}). Ratios between 1.5--2.5 are generally considered normal, and a low or inverted CD4/CD8 ratio is associated with altered immune functions such as seen in infections and chronic inflammation \[[@pone.0211927.ref020]\].

![Clinical and immunological parameters from a patient with HSV infection during dara treatment.\
(A-B): The laboratory parameters CRP (A) and WBC at admission during the HSV-1 reactivation until the death of the patient are shown. (C-H) Peripheral blood samples were collected from patients throughout the Dara treatment. PBMCs were stained with lymphoid lineage markers and analyzed by flow cytometry, as described in experimental procedures. Frequencies of T cell and NK cells subsets are depicted. (C) percentages of CD8^+^ and CD4^+^ T cells and (D) CD4/CD8 ratio during Dara treatment (E) distribution of memory (CD45RA^-^CD45RO^+^) and naïve (CD45RA^+^CD45RO^-^) T cell subpopulation. In (F), total CD3^-^CD56^+^ NK cells as the percentage of lymphocytes and (G) CD56^+^CD16^-^NKG2A^+^ NK cells as the percentage of CD3^-^CD56^+^ NK cells are shown. (H) shows frequency of CD56^+^CD16^-^ as the percentage of total CD3^-^CD56^+^ NK cells.](pone.0211927.g003){#pone.0211927.g003}

Interestingly the percentage of memory T cells (CD45RA^-^CD45RO^+^) among total CD3^+^ T cells is very high (70%) and stable during treatment, while consequently, the naïve T cell subpopulation is stable at low percentages (13--14%) ([Fig 3E](#pone.0211927.g003){ref-type="fig"}). In the NK cell compartment, a drastic decrease in circulating NK cells (CD3^-^CD56^+^) shortly after the start of Dara treatment could be observed ([Fig 3F](#pone.0211927.g003){ref-type="fig"}), similar to previously published results \[[@pone.0211927.ref007]\]. Although there is a continuous decrease in total NK cells, the frequencies of immature CD56^+^NKG2A^+^CD16^-^ and CD56^+^CD16^+^ NK cell subpopulations increased in the first two weeks after the start of Dara treatment ([Fig 3G and 3H](#pone.0211927.g003){ref-type="fig"}).

### Cytomegalovirus (CMV) {#sec015}

Of 23 patients that were monitored for CMV, three patients showed reactivation of CMV by PCR analysis. The first patient was a 65-y old male who developed fever and upper respiratory tract infection. PCR assessment showed a CMV burden of, 26000 IU/mL, and Dara was discontinued during antiviral treatment with valganciclovir. CMV copy numbers decreased to 500 IU/ml after ten days, and the patient was subsequently restarted on Dara. CRP level and WBC count increase before CMV reactivation ([Fig 4A and 4B](#pone.0211927.g004){ref-type="fig"}). An increase of CD8^+^ T cells at the beginning of Dara treatment could be observed while there was no change in CD4^+^ T cell frequency ([Fig 4C](#pone.0211927.g004){ref-type="fig"}). This high percentage of CD8^+^ T cells and the low frequency of CD4^+^ T cells resulted in a low CD4/CD8 ratio ([Fig 4D](#pone.0211927.g004){ref-type="fig"}). There was an increase in both the in naive T cells (CD45RA^+^CD45RO^-^) and memory T cells (CD45RA^-^CD45RO^+^) detectable during Dara treatment, but interestingly, the frequencies both populations dropped in the weeks before CMV reactivation ([Fig 4E](#pone.0211927.g004){ref-type="fig"}). Already at the beginning of the Dara treatment, the NK cell population was very low and remained at low levels during treatment ([Fig 4F](#pone.0211927.g004){ref-type="fig"}). The levels of NKG2A^+^CD16^-^ increased slightly before detection of CMV ([Fig 4G](#pone.0211927.g004){ref-type="fig"}), while the CD16^+^ NK cells did not change before or after CMV reactivation ([Fig 4H](#pone.0211927.g004){ref-type="fig"}).

![Clinical and immunological parameters from a 65y male patient with CMV reactivation during dara treatment.\
(A-B): The laboratory parameters CRP (A) and WBC at admission during the Dara treatment and CMV reactivation are shown. (C-H) Peripheral blood samples were collected from patients throughout the Dara treatment. PBMCs were stained with lymphoid lineage markers and analyzed by flow cytometry, as described in experimental procedures. Frequencies of T cell and NK cells subsets are depicted. (C) percentages of CD8^+^ and CD4^+^ T cells and (D) CD4/CD8 ratio during Dara treatment (E) distribution of memory (CD45RA^-^CD45RO^+^) and naïve (CD45RA^+^CD45RO^-^) T cell subpopulation. In (F), total CD3^-^CD56^+^ NK cells as the percentage of lymphocytes and (G) CD56^+^CD16^-^NKG2A^+^ NK cells as the percentage of CD3^-^CD56^+^ NK cells are shown. (H) shows frequency of CD56^+^CD16^-^ as the percentage of total CD3^-^CD56^+^ NK cells.](pone.0211927.g004){#pone.0211927.g004}

A second patient with CMV reactivation, an 82y old male, developed hepatic insufficiency after receiving two doses of Dara and was admitted. CMV copy number at the time of admission was 2600 IU/mL. The patient died, and the post-mortem autopsy revealed severe heart failure as a possible cause of death. CRP and WBC levels show a dramatic increase before CMV reactivation ([Fig 5A and 5B](#pone.0211927.g005){ref-type="fig"}). The frequency of CD8^+^ T cells was stable while the CD4^+^ T cell population increased ([Fig 5C](#pone.0211927.g005){ref-type="fig"}), leading to an increase in the CD4/CD8 ratio ([Fig 5D](#pone.0211927.g005){ref-type="fig"}). The frequency of memory T cells (CD45RA^-^CD45RO^+^) increases during the first two weeks of Dara treatment ([Fig 5E](#pone.0211927.g005){ref-type="fig"}). Although the NK cell percentage was decreasing drastically after Dara treatment ([Fig 5F](#pone.0211927.g005){ref-type="fig"}), the percentage of NKG2A^+^CD16^-^ subpopulation was slightly increased ([Fig 5G](#pone.0211927.g005){ref-type="fig"}) while the CD56^+^CD16^+^ population was decreased ([Fig 5H](#pone.0211927.g005){ref-type="fig"}).

![Clinical and immunological parameters from an 82y male patient with CMV reactivation during dara treatment.\
(A-B): The laboratory parameters CRP (A) and WBC at admission during the Dara treatment and CMV reactivation until the death of the patient are shown. (C-H) Peripheral blood samples were collected from patients throughout the Dara treatment. PBMCs were stained with lymphoid lineage markers and analyzed by flow cytometry, as described in experimental procedures. Frequencies of T cell and NK cells subsets are depicted. (C) percentages of CD8^+^ and CD4^+^ T cells and (D) CD4/CD8 ratio during Dara treatment (E) distribution of memory (CD45RA^-^CD45RO^+^) and naïve (CD45RA^+^CD45RO^-^) T cell subpopulation. In (F), total CD3^-^CD56^+^ NK cells as the percentage of lymphocytes and (G) CD56^+^CD16^-^NKG2A^+^ NK cells as the percentage of CD3^-^CD56^+^ NK cells are shown. (H) shows frequency of CD56^+^CD16^-^ as the percentage of total CD3^-^CD56^+^ NK cells.](pone.0211927.g005){#pone.0211927.g005}

The third patient, 80y male, contracted an upper respiratory tract infection after the 6^th^ dose of Dara, simultaneously CMV copy number increased to 800 IU/mL. The respiratory tract infection resolved spontaneously two weeks after withdraws of Dara (without CMV treatment), and the patient could be restarted with Dara. We were not able to conduct an in-depth flow cytometric analysis of the immune cells for this patient.

### Varicella zoster virus (VZV) {#sec016}

A 62y old female, with prior treatments including Allo-SCT, was started on Dara treatment. Despite ongoing antiviral prophylaxis (aciclovir 250mg twice daily), the patient experienced VZV reactivation that responded to aciclovir 500mg twice daily, after which Dara treatment could be continued. The CRP levels increased in the second week of Dara treatment, then returned to low values and then increased again around the time of VZV reactivation ([Fig 6A](#pone.0211927.g006){ref-type="fig"}). The WBC counts were stable with a small peak after VZV reactivation ([Fig 6B](#pone.0211927.g006){ref-type="fig"}). CD4^+^ T cells decrease slowly during Dara treatment while CD8^+^ T cell frequencies increase before VZV reactivation ([Fig 6C](#pone.0211927.g006){ref-type="fig"}), which results in low CD4/CD8 ratio ([Fig 6D](#pone.0211927.g006){ref-type="fig"}). Although the NK cell percentage was still within a normal range for the first two weeks after the initial Dara infusion, they decreased during the treatment ([Fig 6F](#pone.0211927.g006){ref-type="fig"}). The percentage of NKG2A^+^CD16^-^ subpopulation was stable ([Fig 6G](#pone.0211927.g006){ref-type="fig"}) while the CD56^+^CD16^+^ population increased five weeks after the start of Dara treatment and peaked in the week before VZV reactivation ([Fig 6H](#pone.0211927.g006){ref-type="fig"}).

![Clinical and immunological parameters from a patient with VZV reactivation during dara treatment.\
(A-B): The laboratory parameters CRP (A) and WBC at admission during the Dara treatment and VZV reactivation are shown. (C-H) Peripheral blood samples were collected from patients throughout the Dara treatment. PBMCs were stained with lymphoid lineage markers and analyzed by flow cytometry, as described in experimental procedures. Frequencies of T cell and NK cells subsets are depicted. (C) percentages of CD8^+^ and CD4^+^ T cells and (D) CD4/CD8 ratio during Dara treatment (E) distribution of memory (CD45RA^-^CD45RO^+^) and naïve (CD45RA^+^CD45RO^-^) T cell subpopulation. In (F), total CD3^-^CD56^+^ NK cells as the percentage of lymphocytes and (G) CD56^+^CD16^-^NKG2A^+^ NK cells as the percentage of CD3^-^CD56^+^ NK cells are shown. (H) shows frequency of CD56^+^CD16^-^ as the percentage of total CD3^-^CD56^+^ NK cells.](pone.0211927.g006){#pone.0211927.g006}

### Allogeneic transplantation {#sec017}

Two patients, who had received Allo-SCT, were included in the study. The first patient was the 62y old female who relapsed after Allo-SCT and suffered from VZV reactivation during Dara treatment ([Fig 6](#pone.0211927.g006){ref-type="fig"}). Although she achieved a PR initially during Dara treatment, this response was short-lived (six months), and she progressed while she was still on treatment. The second patient, a 34y old male, who was treated with Allo-SCT upfront, followed by an aggressive relapse including extramedullary plasmacytoma, received Dara and subsequently achieved a CR until a second Allo-SCT from the same sibling donor. The patient was still on monthly maintenance treatment ten months after the second transplant. None of the patients developed graft versus host disease (GVHD) on treatment with Dara. The 34y old male suffered no infections or reactivation of latent infections.

The CRP and WBC levels increased dramatically after the second Allo-SCT ([Fig 7A and 7B](#pone.0211927.g007){ref-type="fig"}). The frequencies of CD4^+^ and CD8^+^ T cells fluctuated ([Fig 7C](#pone.0211927.g007){ref-type="fig"}). When we looked at the CD4/CD8 ratio in the patient that received Allo-SCT, we could observe a dramatic change in the frequencies of CD4^+^ and CD8^+^ T cells after the first Dara treatment, leading to an inverted CD4/CD8 ratio of 0.44 ([Fig 7D](#pone.0211927.g007){ref-type="fig"}), which is below the normal range \[[@pone.0211927.ref020]\]. After six weeks, the CD4/CD8 ratio had stabilized again at a value of 3.36. The patient was on Dara treatment while he received a second Allo-SCT from the same sibling donor, and again, an inverted CD4/CD8 ratio could be observed.

![Clinical and immunological parameters from a patient who received Allo-SCT and dara treatment.\
(A-B): The laboratory parameters CRP (A) and WBC at admission during the Dara treatment are shown. (C-H) Peripheral blood samples were collected from patients throughout the Dara treatment. PBMCs were stained with lymphoid lineage markers and analyzed by flow cytometry, as described in experimental procedures. Frequencies of T cell and NK cells subsets are depicted. (C) percentages of CD8^+^ and CD4^+^ T cells and (D) CD4/CD8 ratio during Dara treatment (E) distribution of memory (CD45RA^-^CD45RO^+^) and naïve (CD45RA^+^CD45RO^-^) T cell subpopulation. In (F), total CD3^-^CD56^+^ NK cells as the percentage of lymphocytes and (G) CD56^+^CD16^-^NKG2A^+^ NK cells as the percentage of CD3^-^CD56^+^ NK cells are shown. (H) shows frequency of CD56^+^CD16^-^ as the percentage of total CD3^-^CD56^+^ NK cells.](pone.0211927.g007){#pone.0211927.g007}

Similarly, fluctuations in the pool of memory (CD45RA^-^CD45RO^+^) and naïve (CD45RA^+^CD45RO^-^) T cell pools could be observed ([Fig 7E](#pone.0211927.g007){ref-type="fig"}). In line with our previous findings in patients receiving autologous SCT \[[@pone.0211927.ref007]\], NK cell frequencies are going down drastically from 12.4% to under 2% during the first week after the first dose of Dara ([Fig 7F](#pone.0211927.g007){ref-type="fig"}). Initially the frequency of CD56^+^NKG2A^+^ NK cells, on the other hand, is doubling (20% -\> 40%) after 1^st^ Dara cycle and is increasing even further (80%) at the beginning of the 2^nd^ treatment cycle followed by a slow decrease to the levels prior the 2^nd^ Dara cycle ([Fig 7G](#pone.0211927.g007){ref-type="fig"}). The percentage of CD56^+^CD16^+^ NK cells is decreasing at the same rate as the CD56^+^NKG2A^+^CD16^-^ NK cells are increasing ([Fig 7H](#pone.0211927.g007){ref-type="fig"}). This could be indicative of a shift from an NK cell population that has strong ADCC activity towards a more immature NK cell pool that is CD16^-^ and thus not able to bind to Dara and perform ADCC.

Discussion {#sec018}
==========

The efficacy of Dara monotherapy in patients with relapsed or refractory MM has made it a promising new agent for immunotherapy. Dara is a first-in-class anti-CD38 humanized antibody, that exerts its activity via a variety of mechanisms, including ADCC \[[@pone.0211927.ref021]\] NK cells, the major mediators of ADCC, also express CD38. The CD38 levels on NK cells are even increased when the cells become activated. Consequently, Dara treatment results in a depletion of NK cells and other CD38-expressing immune cells during Dara treatment \[[@pone.0211927.ref006],[@pone.0211927.ref007]\]. NK cells are innate immune cells that quickly respond to infections by intracellular pathogens, and genetic deficiencies and the depletion of this cell population is associated with recurrent infections \[[@pone.0211927.ref022]\].

In this study, a cohort of 23 patients received Dara as a single-agent therapy, four of whom presented with CKD, and two patients received Dara in relapse after Allo-SCT. The patients were closely monitored for the occurrence of infections and nine out of the 23 patients suffered from infectious complications. Five of these cases were viral reactivations of the herpesvirus family. Dara showed durable single-agent activity with responses in 61% (≥PR) of the patients which is higher compared to previously published results \[[@pone.0211927.ref008],[@pone.0211927.ref023],[@pone.0211927.ref024]\].In the previous studies, the patients had undergone a median of 5 prior lines of treatment compared to three prior lines in our study. None of the patients had alternative effective treatment options. The novel target and unique mechanisms of action of Dara differentiate it from existing therapies. Given the high and unmet medical need in relapsed and refractory MM and the lack of alternative therapies, Dara provides an attractive option with a potentially high benefit/risk profile in this patient population.

Most of the relapse/refractory patients undergoing MM therapy are on antiviral prophylaxis as per international and national recommendations. This is expected to be the case in most of the patients in the recently published phase III trials with Dara (recommended by protocol), making it difficult to speculate on the prevalence of HSV and VZV reactivation in patients not receiving prophylaxis \[[@pone.0211927.ref003],[@pone.0211927.ref005]\]. It is evident that immune responses against HSV-1 and HSV-2 are complex and involve a delicate interplay between innate and adaptive immune compartments. Studies on the role of NK cells in HSV infections have yielded contradicting results in experimental systems \[[@pone.0211927.ref025]--[@pone.0211927.ref027]\]. Among others, these reports indicate the complexity of the antiviral cellular responses \[[@pone.0211927.ref028]\]. HSV encephalitis is a rare condition, and there is evidence that HSV encephalitis (at least in children) has a genetic predisposition as a monogenetic inborn error of immunity \[[@pone.0211927.ref029]\]. In this study, we identified one patient, without antiviral prophylaxis, with HSV encephalitis that died despite antiviral treatment.

While screening for CMV infections, we identified three (13%) patients with CMV reactivations, of which two were treated, and one patient whose reactivation resolved without antiviral therapy after a short period of Dara withdrawal. Thus, reactivation of latent CMV is not infrequent during treatment with Dara even with prophylactic antiviral treatment. Surprisingly, a recently published study, where data on 148 patients from the GEN501 and SIRIUS clinical trials were combined \[[@pone.0211927.ref002],[@pone.0211927.ref003]\], showed a very low occurrence of infectious complications \[[@pone.0211927.ref006]\] The authors report that patients suffering from infectious complications (55% of patients) primarily suffered from upper respiratory tract infection, nasopharyngitis, pneumonia and sinusitis. Only 2% of patients got herpes zoster, and no cases of CMV or HSV were reported \[[@pone.0211927.ref006]\].

It can only be speculated as to why the results in respect to reactivations of the Herpesviridae family in this study differs from ours. In our unit, all patients are screened very carefully for CMV during treatment, although the three cases of CMV were symptomatic, this could be an explanation why we report a higher incidence of CMV compared to previous studies \[[@pone.0211927.ref002],[@pone.0211927.ref003],[@pone.0211927.ref006]\]. While GEN501 included patients from Scandinavia where seroprevalence of CMV is relatively high, 83% \[[@pone.0211927.ref030]\] in the adult Swedish population, SIRIUS included mostly patients from USA and Canada where seroprevalence is more variable (67--87% in the USA) \[[@pone.0211927.ref031],[@pone.0211927.ref032]\].

Overall, both previous studies and our study show a high incidence of infectious complications.

It should be recognized that CMV reactivations frequently recover without antiviral therapy in most patients with hematological diseases except for allogeneic stem cell transplant recipients. In a phase III trial in chronic lymphocytic leukemia (CLL) comparing alemtuzumab (anti-CD52) to chlorambucil, the risk of developing PCR-positive CMV in the alemtuzumab arm was 69%, with 15.6% of these patients displaying symptomatic CMV infections without end organ involvement. Among the 78 asymptomatic alemtuzumab patients who had one or more PCR-positive CMV results, treatment was interrupted in 47, and only 36 received antiviral treatment \[[@pone.0211927.ref033]\]. Current international recommendations do not recommend routine monitoring of multiple myeloma patients \[[@pone.0211927.ref034]\]. The findings in our study support a need for more thorough screening of patients for viral reactivations.

Interestingly, in three patients that suffered from herpesvirus reactivation (CMV, HSV, VZV), a very low ratio of CD4^+^ helper T cells to CD8^+^ cytotoxic T cells (CD4/CD8 ratio) was detected. The CD4/CD8 ratio, although showing a wide heterogeneity in healthy individuals, can be used to predict altered immune functions \[[@pone.0211927.ref020]\]. Ratios between 1.5--2.5 are generally considered normal, and a low or inverted CD4/CD8 ratio is associated with altered immune functions such as seen in infections and chronic inflammation \[[@pone.0211927.ref020]\]. It has been previously reported that CD38^+^ Tregs are depleted during Dara treatment, resulting in a decreased CD4/CD8 ratio \[[@pone.0211927.ref035]\]. However, we were not able to assess whether the low CD4/CD8 ratios seen in our patients was a result of a preferential expansion of the CD8^+^ T cell population or reduced survival of the CD4^+^ T cells.

Five out of 23 patients treated with Dara suffered from reactivation with viruses of the Herpesviridae family. Given that these patients had advanced disease and were heavily pre-treated, infectious complications could reflect a combination of decreased innate responses and dysfunctional humoral and cell-mediated immunity, already present in these patients. It is well known that NK cells contribute to the defense against herpesviruses, including CMV, HSV-1 and VZV \[[@pone.0211927.ref027],[@pone.0211927.ref036]--[@pone.0211927.ref039]\]. NK cells can detect virus infection directly by recognition of viral proteins, and indirectly by binding to molecules that are up-regulated on stressed cells. Furthermore, once a primary infection has led to the activation of the adaptive immune system and the generation of virus-specific antibodies, NK cells can also kill infected cells via ADCC \[[@pone.0211927.ref027]\].

Recent studies implicate that balance of activation and downregulation of NK-cells as a control form for viral infections. Correlation of seropositivity for CMV with increased expression of activating receptor NKG2C has previously been described \[[@pone.0211927.ref040]\], with NKG2C^+^ impacting cytotoxicity on HLA-E expressing cells such as haematological malignancies which have been shown to affect myeloma cells \[[@pone.0211927.ref041]\]. In this study, we found increased levels of the inhibitory receptor NKG2A in one of two CMV seropositive patients but also in the patient affected by HSV and the patient undergoing double Allo-SCT. Further studies are needed to establish whether this difference from previous studies in CMV seropositive patients is due to Dara treatment.

In several clinical trials, it has been shown that Dara treatment shows very good efficacy both as single agent treatment or in combination treatments \[[@pone.0211927.ref003],[@pone.0211927.ref042]\]. However, we and others have previously published that NK cells specifically disappear upon treatment of MM with Dara \[[@pone.0211927.ref007]\] and this will impede the immune system's ability to fight the disease. Of interest, a recent publication by *Wang et al*. examined the underlying mechanisms of Dara on NK cells. It was shown that NK cells that remain after Dara administration show a specific phenotype of CD38^-/low^. Due to the expression of CD38 on NK cells, it is possible that NK cells commit fratricide via ADCC and thus are effector cell and target cell at the same time \[[@pone.0211927.ref023]\]. This would explain the loss of NK cell with high CD38 expression and survival of the CD38^-/low^ population,

In this study, our findings are consistent with previously published data on efficacy of Dara in the refractory MM patients \[[@pone.0211927.ref002]\]. It is known that Dara induces effective lysis of MM cells not only via ADCC but also via CDC, via apoptosis upon cross-linking with anti-immunoglobulin G antibody and by blocking the enzymatic activity. This study indicates the need for further prospective studies to assess the correlation between viral reactivation and peripheral blood cytotoxic lymphocyte counts. Due to Dara's mechanism of action which heavily depends on ADCC NK cells in these patients could synergize the anti-myeloma effects of Dara through their activation. Therefore, the therapeutic perspectives of multidrug-refractory patients may be improved by combination therapies based on Dara.

Supporting information {#sec019}
======================

###### Immunological parameters from a patient with E.coli infection during dara treatment.

(TIFF)

###### 

Click here for additional data file.

###### Gating strategy for NK cell and T cell populations.

(DOCX)

###### 

Click here for additional data file.

###### Antibody panel for T cell subsets.

(DOCX)

###### 

Click here for additional data file.

###### Antibody panel 1 for NK cell subsets.

(DOCX)

###### 

Click here for additional data file.

###### Antibody panel 2 for NK cell subsets.

(DOCX)

###### 

Click here for additional data file.

###### Antibody panel 3 for NK cell subsets.

(DOCX)

###### 

Click here for additional data file.

###### Antibody panel 4 for NK cell subsets.

(DOCX)

###### 

Click here for additional data file.

The authors wish to thank the patients who participated in this study and their families, as well as Genmab A/S and Janssen Biotech.

[^1]: **Competing Interests:**Genmab A/S, and Janssen Biotech, commercial companies, provided support by providing free materials for the study. There are no patents, products in development or marketed products to declare. This does not alter our adherence to PLOS ONE policies on sharing data and materials.
